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Coupled secretion of chloride and mucus in skin of Xenopus Zaevis: possible role for CFTR. Am. J. PhysioZ. 267 (CeZZ Physiol. 36): C491-C500, 1994.-We used the isolated skin of Xenopus Zaevis to investigate the relationship between the secretion of salt, water, and mucus by submucosal glands expressing the cystic fibrosis transmembrane conductance regulator (CFTR). In situ hybridization and immunofluorescence provided evidence for specific expression of CFTR in the mucus-secreting cells of the subepidermal glands. Stimulation of isolated sheets of skin with 8-(4-chlorophenylthio)-adenosine 3',5'-cyclic monophosphate produced active Cl secretion and a marked increase in tissue conductance that was correlated with mucous cell degranulation and the distention of the glandular ducts. This coordinated increase in active secretion of salt and mucus was abolished by pretreatment of skins with bumetanide or by removing Cl from the bathing solutions. These results provide evidence for an intimate coupling between electrolyte transport and mucus secretion that may illuminate the pathophysiology of mucus-producing glands in cystic fibrosis lung disease. cystic fibrosis CYSTIC FIBROSIS (CF) is the most common inherited defect in the Caucasian population, causing 2,000 deaths every year (4). A primary cause of death is respiratory failure characterized by inadequate clearance of airway secretions, chronic bronchial infection, abnormally thick mucus, and obstruction of the airways. CF is caused by mutations in the gene coding for the cystic fibrosis transmembrane conductance regulator (CFTR), a membrane protein that functions as an adenosine 3',5'-cyclic monophosphate (CAMP)-activated chloride-selective ion channel (14, 28, 30) .
The protein appears to be expressed predominantly in the apical membrane of epithelial cells involved in the active secretion of salt and water (5, 12) . Mutations in CFTR associated with severe disease, such as AF508 or G551D, reduce or abolish CAMP-activated Cl secretion by at least two mechanisms: 1) reduced delivery of the protein to the apical membrane or 2) impaired activation of 10) .
Attempts to identify the underlying pathophysiology of CF lung disease have focused on the mechanisms of abnormally thick mucus production and impaired mucociliary clearance. Mucociliary clearance from the airways is likely to be dependent on the quantity, composition, and viscoelastic properties of mucus and may be related as well to the rate of salt and water secretion near the sites of mucus production (4, 26, 32) . The localization of CFTR protein and mRNA in the mucusproducing submucosal glands of human lung suggests a possible relationship between CFTR dysfunction, abnormal mucus properties, and lung disease (9). However, it is not clear how the presumed function of CFTR in salt and water secretion impacts on the viscoelastic properties and/or clearance of secreted mucus in CF. In this report we describe results of experiments designed to evaluate the usefulness of the subepidermal mucous glands of the aquatic amphibian, Xenopus laevis, as a model for investigating the relationship between mucus secretion and salt and water transport, which may be potentially linked through the activation of CFTR.
Amphibian skin exhibits active Na absorption and Cl secretion, and it is well established that these two activities reside in distinctly different cells. Na absorption is a property of the surface epithelial cells, and Cl secretion is associated with subepidermal glands (16, 19, 20, 33) . Two types of glands are generally recognized: poison glands (also known as granular glands) and mucous glands. The cellular secretory components of amphibian mucous glands exhibit significant interspeties variation, and individual acini can be composed solely of either mucous or seromucous cells or may contain a mixture of mucus-and non-mucus-secreting cells (9, 19) .
We report that CFTR mRNA and protein are preferentially expressed in the mucus-secreting glands of Xenopus skin. Stimulation of isolated skins not only evoked the CAMP-activated Cl secretion that is typically associated with epithelia expressing CFTR but also produced a dramatic increase in the tissue conductance that was associated with vigorous mucus secretion and dilation of gland ducts. Application of a loop diuretic, bumetanide, or removal of extracellular Cl inhibited the chloride secretory response and also completely abolished the conductance increase associated with mucus secretion. These findings are consistent with the notion that, in Xenopus skin, blockade of Cl secretion attenuates or abolishes the normal secretion of mucus and suggests that Xenopus skin may be a useful model for the exploration of pathophysiological mechanisms by which defective secretion of electrolytes leads to mucus abnormalities and lung disease in CF. labeled "V-RNA probes were generated using the Promega riboprobe system. In situ hybridization was performed as previously described using 6-pm frozen sections from the ventral skin of female Xenopus (I 1). Briefly, sections were fixed in 4% paraformaldehyde followed by dehydration through a graded series of ethanol. Sections were treated with 10 l&ml proteinase-K at 30°C for 30 min followed by acetlylation in acetic anhydride. After prehybridization for 4 h at 54"C, sections were hybridized in 1 x lo7 counts * min-1 * ml--l with s ense and antisense probes for 16-18 11. Controls for the specificity of hybridization included sense RNA probes and (24), using a sample-and-replace paradigm. Briefly, the appropriat,e isotope (4-10 FCi) was added to one side of the chamber, and, after an initial waiting period of -45 min to achieve steadv-state fluxes, the nonradioactive side was sampled at 30-m& intervals before the activation of I,, and at Ifi-min intervals thereafter. opposing fluxes were determined using paired tissues from the same animal. The results show the averages of four independent experiments and are expressed as the unidirectional fluxes of Na or Cl calculated as previously described (22). Intact skin sheets were stimulated by the addition of 1 mM 8-(4-chlorophenylthio)-CAMP (CPT-cAlVlP) to both sides with selected tissues pretreated with 100 PM bumetanide (serosal side) for 30 min before CPT-CAMP stimulat,ion.
MATERIALS AND METHODS

LocaZization
Utrastructure of'glands after CPT-CAMP simulation. After Ussing chamber measurement, intact skins were postfixed in 0.l M cacodylate buffer, pT-3 7.4, containing 2.5"/ci glutarald.ehyde, 1.5% paraformaldehyde, and 0.01% CaCIZ. After fixation, the skin was washed several times in 0.1 M cacodylate buffer and cut into strips. The strips were postfixed (1% osmium tetroxide in 0.1 M sodium cacodylate containing 5% sucrose for 1 h at 4°C) and dehydrated in ethyl alcohol. The skins were then transferred to propylene oxide and embedded in Epon mixtures.
Semithin sections (0.5 pm) were stained in 1% toluidine blue and examined by light microscopy for morphometric analysis. Ultrathin sections were stained with uranyl acetate and lead citrate before examination with a Philips CM-10 tran smission electron microscope.
Quantification of' degranulation in mucous cell layer. The extent of mucous cell degranulation was determined by morphometric analysis of three independent experiments using a Lica Q-500 Image Analysis system. The average mucous cell height and average mucous cell area were measured from at least 20 independent glands from each experimental point. Average mucous cell height is expressed as the average curved width of the gland epithelium [curved width = (perimeter --_-&GiGeter2
-16 x area)/4]. The curved width is defined as the shortest side of a rectangle having the same area and perimeter as the measured feature (this gives an approximate width of curved fibers). Results are expressed as the average t SE. Statistical analysis was performed by the Student's t test.
RESULTS
CFTR mRNA is expressed predominantly in mucous cells of subepidermal glands. Analysis of Xenopus skin by in situ hybridization revealed high levels of CFTR RNA in all mucous cells of the subepidermal glands (Fig. 1, A and B) . Mucus content within these morphologically distinct glands was confirmed using three criteria: 1) distinctive morphology under Nomarski optics, 2) histochemical alcian blue-periodic acid-Schiff stain (data not shown), and 3) appearance of lucent secretory granules under transmission electron microscopy. In situ signal was primarily confined to the cytoplasm at the base of t.he cell surrounding the nucleus and correlates with electron microscope studies that sh.ow little nonmucoid cytoplasm in this cell type. To a lesser extent, in situ signal for CFTR mRNA was also seen in a small subpopulations of cells ( < 1%) within the seromucous glands. No signal was seen in poison glands or any cell types within the dermal layer, including mitochondria-rich flasklike cells. The presence of mitochondriarich flasklike cells was confirmed by transmission electron microscopy. From the abundance of mitochondriarich cells seen by electron microscopy ( -l?G>, it was estimated that at least 200 mitochondria-rich cells were screened and gave no signal for CFTR mRNA by in situ hybridization. In all cases, no signal was seen in sense ( Fig. 1R) or RNase pretreated antisense controls (data not shown).
CFTR protein is expressed predominantly in mucous cells of subepidermal glands. Localization of CFTR protein by indirect immunofluorescence revealed high levels of apically localized CFTR (Fig. lD> within the mucous cells of the subepidermal glands. These cells * also expressed high levels of Na+ -K+ -ATPase, which was primarily localized to the basolateral membrane (Fig.  IE) . In addition, a less frequent CFTR signal ( < 1%) was seen in non-mucus-secreting cells (as determined by Nomarski optics) of the seromucous glands (data not shown by the addition of the loop diuretic bumetanide (100 PM) to the serosal bath, so that the secretory response exhibited the pharmacological profile thought to be characteristic of active Cl secretion in a variety of epithelial cell types (21). An unexpected but consistent result of raising cytosolic CAMP was a striking increase in g,, that in some tissues exceeded lo-fold. Addition of bumetanide after forskolin-IBMX stimulation reduced g,, but conductance remained elevated despite the fact that active transport was abolished. To determine the ionic basis for the CAMP-induced I,, and explore the basis for the marked increase in g,, we stimulated portions of skin and either measured transmural fluxes of 22Na and 36C1 or fixed the tissues for light and electron microscopy.
In preliminary experiments, it was found that changes in ISc and g,, qualitatively identical to those seen with forskolin-IBMX, could be obtained by simply bathing the tissue with solutions containing CPT-CAMP so that this approach was used in studies designed to correlate electrophysiological changes with morphology. Table 2 summarizes the results of experiments in which transmural fluxes of 22Na and 36C1 were measured in separate experiments under three conditions: 1) unstimulated, before the activation of I,,; 2) in the presence of a CAMP-activated I,,; and 3)
CPT-CAMP stimulated after exposure to serosal bumetanide. Amiloride (100 PM, mucosal) was present throughout to inhibit active Na absorption. In Table 2 , the values for the net ionic fluxes are grouped together with the average values for I,, and g, to facilitate an evaluation of the ionic basis for I,,. Before stimulation, I,, and the net ion fluxes were zero. Exposure to CPT-CAMP resulted in net secretion of both Na and Cl, such that I,, could be attributed to the difference between the net secretory fluxes of the anion and cation. Exposure to bumetanide after CPT-CAMP stimulation abolished I,, and reduced the net fluxes of Na and Cl to near zero.
The behavior of the unidirectional fluxes (Table 2 ) provided some additional insight into the striking increase in tissue conductance induced by CPT-CAMP. First, it was clear that, for both Na and Cl, the CAMPinduced increase in g, was associated with a marked increase in both serosal to mucosal and mucosal to serosal fluxes, suggesting that stimulation not only initiated net ion secretion but also caused a substantial increase in the general leakiness of the skin to both ions. The inhibition of net secretion by bumetanide was attributable primarily to decreases in the serosal to mucosal fluxes for Na and Cl. However, in the absence of active transport, both g, and the opposing unidirectional fluxes remained elevated, suggesting that the substantial increase in ion permeability associated with the activation of secretion remained after net transport was abolished. This postbumetanide increase in g, persisted for at least 2 h after inhibition of I,,. Figure 2 illustrates the behavior of I,, and g, in two representative l-cm2 portions of skin from the same frog that were fixed after electrophysiological measurements for histological analysis.
In these tissues amiloridesensitive transport was absent. In the nonbumetanidetreated skin, exposure to CPT-CAMP (1 mM, mucosal + serosal) elicited a dramatic increase in I,, and a lo-fold increase in g,. The lag time between the addition of the CPT-CAMP and the onset of activation varied widely from 3 to 15 min, presumably reflecting variability in the access of the drug to the deeply lying mucous gland cells. As indicated in Fig. 2 , pretreatment with bumetanide (100 FM, serosal) abolished the CAMPinduced increases in I,, and g,, although, in some skins, there was a slight upward drift in g, during the 2 h of exposure to CPT-CAMP (see Fig. 2 ). The CAMP-induced increases in Isc and g, were also abolished by bathing skins in Cl-free gluconate-containing solutions before CPT-CAMP stimulation (data not shown) The anthtracene derivative diphenylamine-=!-carboxylate (DPC) has been reported to block CFTR Cl channels (lS), whereas the disulfonic stilbene 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) was found to be ineffective (7,3 1). In preliminary experiments, we tested the effect of these compounds on Isc and increased g, evoked by CPT-CAMP in Xenopus skin. DPC inhibited I,, but had little or no effect on g,. When added to both bathing solutions as a concentrate dissolved in DMSO, 2.5 mM DPC produced -50% inhibition in I,,, and 5 mM DPC reduced I,, to zero. DIDS was without effect at concentrations up to 5 mM added to both bathing solutions.
Although these results are consistent with previous observations on CFTR-mediated Cl currents, the results are not unambiguous; DPC also blocks basolateral K channels in some epithelial cells (27) , and, in secretory cells, blockade of basolateral K channels also attenuates Cl secretion (25). The negative results obtained with DIDS may also be difficult to interpret, because it is not possible to tell if the compound actually .
reached the secretory cells that lie well below the skin surface.
CPT-CAMP induced changes in mucous gland morphology. At the light microscopic level, there were three changes in the morphology of mucous glands that were correlated with the electrophysiological changes associated with the CPT-CAMP-mediated activation of secretion: 1) dilation of mucous gland ducts, 2) reduction of mucous cell height, and 3) the accumulation of mucus on the epidermal cell surface. All three effects were attenuated by pretreating skins with bumetanide, suggesting that they were coupled to the increase in salt transport.
The most obvious morphological change associated with activation of secretion was a dilation of the mucous gland ducts (Fig. 3, A-C) . Increases in the apparent width of mucous ducts (i.e, as high as lo-fold) was seen in all ducts from skins after stimulation with CPT-CAMP (Fig. 3, C and H) . These changes were largely absent in untreated controls (Fig. 3A) or in skins pretreated with bumetanide before exposure to CPT-CAMP (Fig. 3, B and G). Dilated ducts could be seen in tissue from bumetanide and untreated controls at a frequency of < 0.1%. To quantitate the frequency of dilated and closed ducts under the various conditions, we performed morphometric analysis on sections treated with CPT-CAMP and bumetanide followed by CPT-CAMP. Since the number of glands discernible in serial sections varied as much as threefold from one frog to another and closed ducts were more difficult to visualize than dilated ducts because of decreased size, we chose to normalize ductal counts to the total number of glands for each section quantitated.
This allowed us to compare results from three independent experiments, summarized in Fig. 4A . The numbers of dilated or closed ducts normalized to the total number of glands present in sections quantitated after CPT-CAMP stimulation and bumetanide pretreatment are given. Histological examination of the epidermal surface of the skin revealed that CPT-CAMP stimulation was associated with the appearance of mucus in the lumen of the ducts and the accumulation of mucus on the epiderma1 surface. Again, these effects were not present in untreated control and were significantly reduced by pretreatment of skins with bumetanide (compare Fig. 3 , A and B, with Fig. 3C ). Another apparent manifestation of CAMP-induced mucus secretion was the appearance of foaming in the mucosal bathing solution of tissues exposed to CPT-CAMP.
The onset of CPT-cAMPinduced foaming coincided with the increase in g,, and the extent of foaming was either greatly reduced and delayed in onset or abolished in skins pretreated with bumetanide.
Finally, exposure to CPT-CAMP caused a reduction in the apparent height of the mucous cell layer, presumably due to degranulation of the mucous secretory cells (Fig. 3, C and F) . Th is effect was attenuated but not abolished by pretreatment with bumetanide (Fig. 3, height) of the mucous cell epithelium (Fig. 4B) . The significantly different with a P < 0.001 by Student's t average height of the mucus-secreting cells was 18.7 + test. In addition, the average mucous cell area (Fig. 4B ) 0.7 pm for unstimulated tissues. Activation of secretion was calculated by image analysis and showed a similar by CPT-CAMP was associated with a decrease in the decrease on stimulation with CPT-CAMP as that seen in height of the mucous cell layer to 5.6 rt 0.3 km, whereas average cell height. These observations strongly suggest pretreatment with bumetanide led to an intermediate that stimulation with CPT-CAMP induced a decrease in cell height (13.1 + 0.9 pm). All groups were shown to be the mucus content of these glands. 
DISCUSSION
The pathophysiological mechanism(s) by which defects in CFTR function cause mucus abnormalities in CF is currently unknown.
The finding of primary pathology in CF fetal submucosal glands evident as plugging of ducts with abnormally thick mucus and recent studies that demonstrate high levels of CFTR protein and mRNA in submucosal glands of adult human bronchus suggest that this region may be involved in primary pathogenesis.
The results of these experiments provide strong evidence that Cl transport plays a critical role in mucus secretion and suggest that Xenopus skin may be a useful model for probing the functional role of CFTR in mucus secretion from submucosal glands.
Mucous cells express CFTR and are the site of active CZ secretion.Localization of CFTR mRNA and protein revealed that high levels of CFTR are expressed in the mucous cells of the subepidermal glands. The electrical properties of isolated sheets of skin and the behavior of the transmural fluxes of Na and Cl were consistent with the expectation that glandular cells expressing CFTR are involved in CAMP-activated salt secretion. This finding was consistent with previous studies of the skin of Rana that implicated subepidermal glands as sites where the secretion of salt, water, and mucus could take place in a coordinated fashion. Thompson and Mills (34) compared the properties of whole frog skin (Rana) to those of the so-called "split skin," from which the glandular layer had been removed by collagenase treatment. The isolated whole skin was capable of active Na absorption, but also exhibited an isoproteronol-stimulated current due to active Cl secretion. This current was absent in the split skin, suggesting that it originated in the glandular component. Bjerregaard and Nielsen (3) obtained comparable results when they studied the properties of whole and split skin of Rana esculanta. In these studies, an apparent Cl secretory current activated by prostaglandin E2 (PGE2) and enhanced by theophylline (an inhibitor of CAMP phosphodiesterase) was present in whole skin and absent in split skins. Although we did not determine the properties of split Xenopus skin, the general similarities in morphology between Xenopus and Rana, the localization of CFTR message and protein, and the morphological consequences of the activation and inhibition of ion transport are all consistent with the hypothesis that the secretory cells reside in the submucosal glands.
The observation that exposure of Xenopus skin to forskolin plus IBMX or CPT-CAMP induced active Cl secretion is consistent with the notion that the effects of these experimental maneuvers was, at least in part, due to the opening of apical CFTR Cl channels in secretory cells, but we cannot exclude the possibility that other apical Cl channels, for example those activated by calcium, could play a role in mediating apical Cl exit.
The behavior of the transmural fluxes of Na, Cl, K, and HZ0 in the skin of Rana provided evidence that CPT-CAMP-activated salt transport is intimately associated with fluid secretion.
Thompson and Mills (34) found that, in the presence of amiloride (to block active Na absorption), isoproteronol produced net secretion of Na as well as Cl. The I,, could be attributed to the difference between net secretory flow of the two ions. In amiloride-treated skin from R. esculanta, Bjerregaard and Nielsen (3) demonstrated PGE stimulated net secretion of Na, Cl, K, and fluid, such that the secretory product was isotonic with plasma. The I,, was equal to the excess Cl flow, suggesting that the primary event driving fluid secretion was active Cl transport.
In both studies, the net fluxes were blocked by serosal application of the loop diuretic, furosemide.
In our studies, changes in morphology and conductance of the skin C498 CFTR-MEDIATED COUPLED CHLORIDE AND MUCUS SECRETION were both consistent with a CPT-CAMP-activated Cl secretory process that drives the bulk flow of salt and water across the skin resulting in the net flow, not only of Cl, but also of Na.
The ion transport behavior of Xenopus skin was quantitatively different from that of Rana (22) . In our experiments with Xenopus, active Na absorption was small or absent, as judged from the relatively small spontaneous I,, and lack of substantial changes in I,, or gi due to amiloride, a specific inhibitor of apical Na channels. In contrast, the secretory response of the skin was robu st; in the presence of mu cosal amiloride and CPT-CAMP, I,, (Table 1) averaged -15 PA/cm", a value comparable to that reported by Thompson and Mills (33) for R. catesbiana. As in the skin of Rana , CPT-CAMP stimulation of Xenopus skin in the presence of mucosal amiloride was associated with net secretion of Na as well as Cl, where net sodium flux (JNa) was approximately equal to one-half net Jcl, so that I,, measured the "uncompensated"
Cl secretion. These results are consistent with the suggestion of Thompson and Mills (33) that Na secreti .on is, at 1 .east in part, a refl .ection of the fact that Na is Pa .ssively secreted into the gland lumen due to an incompletely short-circuited local transepithelial potential and is then carried forward to the skin surface by the bulk flow of mucus fluid in the duct.
Increases in tissue conductance reflect the opening of mucous secretory ducts. The skin of Xenopus turned out to be uniquely suited to the study of submucosal gland function and the evaluation of the relationship between chloride secretion and mucus production.
Particularly important was the observation that mucus secretion and expulsion was associated with a dramatic increase in tissue conductance, opening of the ducts that conduct mucus to the surface of the skin, and an increase in the transepithelial permeability of the skin to Na and Cl. The fact that the increase in g, was not rapidly reversed when secretion was inhibited by bumetanide raises the possibility of some nonspecific damage to the skin due to stimulation.
This seems unlikely for two reasons. First, comparison of stimulated and unstimulated skins at the light and electron microscope levels disclosed no other morphological changes of the sort that would be required to account for a lo-fold increase in conductance. Second, the obligatory dependence of the increase in g, on the activation of ion transport, as demonstrated in skins pretreated with bumetanide before stimulation with CPT-CAMP, strongly suggests that the increase g, is a direct consequence of the secretion of salt, water, and mucus. In the skin of Rana, changes in g, associated with the activation of salt secretion were less dramatic, but the conditions of stimulation were not always comparable with those employed in these studies. The best comparison is with the data of Thompson and Mills (33) who found that an approximately threefold elevation in g, was produced by exposing skin to 100 PM dibutyryl CAMP and 250 FM IBMX on the serosal side only.
It is possible to make a rough estimate of the contribution of the opening of the mucous ducts to the total skin conductance by treating the open ducts as aqueous pores containing a salt solution with the composition of the external bath. Based on morphological measurements of ducts in stimulated skins, we represented the open ducts as an equivalent cylinder of length (50 pm) and diameter (10 pm). If this pore is filled with 100 mM NaCl, then its conductance can be calculated from tabulated values of equivalent conductances (29) to be -2,500 nS. Counts of the numbers of glands in serial sections yielded an average value of 25 glands/mm".
Assuming, for the sake of simpli city that the cl .osed duct contributed no con ductance (Table 2) , the opening of all of these ducts would be expected to increase the skin conductance by -5 mS/cm2. This rough calculation suggests that the opening of mucous ducts could account for the increased conductance of the skin. That the calculated value is severalfold higher than that actually measured is reassuring inasmuch as the final increase in conductance due to opening of the ducts would be expected to be decreased, due to the presence of the structures lying below the duct (i.e., the mucous cell layer and the subepithelial tissue).
In Xenopus skin, the CAMP-induced increase in tissue conductance appears to provide a continuous electrical record of the morphological changes that occur during mucus secretion, but the forces that lead to the opening of the ducts and the consequent increases in ion permeability are not completely evident from the results presented here. One possibility is that the secretion of electrolytes, water, and mucus creates sufficient intraductal pressure to open the duct and promote fluid flow. The fact that the conductance increase and the underlying structural changes are abolished by pretreatment with bumetanide or by removing Cl speaks in favor of this view, but we cannot eliminate the possibility that the activation of secretion is associated with other changes in the properties of the gland that also act to promote mucus expulsion.
Taken together, the results presented here suggest that induction in Xenopus skin of what are probably supraphysiological levels of CAMP produced dramatic changes in both electrical conductance and tissue morphology. Given the nature of these changes, i.e., substantial dilation of the duct and extensive degranulation of the secretory cells, it seems likely that restoring the prestim ulation state of the skin could be a complex process that wo uld not be expected to occur rapidly. As a preliminary assessment of reversibility, we exposed tissue to forskolin and IBMX (10 and 500 PM, respectively) just long enough to evoke maximal changes in I,, and g, ( -20 min). Tissues were then extensively washed and allowed to incubate in Ringer's solutions while I,, andg, were continuously monitored. After -1 h, I,, had returned to within 10% of the maximal stimulated value, but g, remained elevated. After -3 h, I,, had returned to baseline, and g, had decreased by -50% but remained at a value that was about four times that seen before stimulation. processes underlying these time-dependent changes are likely to be complex, but the results suggest that the effect of secretory stimuli can be at least partially reversed in vitro.
Mechanisms for coupling of salt, water, and mucus secretion. The results presented here show that electrolyte and mucus secretion in Xenopus skin are both stimulated by CPT-CAMP and provide evidence for a link between the activation of CFTR and the normal elaboration of mucus. The simplest explanation for the apparent coupling of these two processes is that the hydration of mucus in the gland is essential for achieving a viscosity that allows for the appropriate bulk flow toward the surface. However, light and electron micrographs of the mucous secretory cells in the bumetanideinhibited state also suggest that the exocytic event itself may be compromised, as if normal exocytosis requires transcellular electrolyte transport. For example, the initiation of mucus secretion could be associated with some change in intracellular Cl concentration that is required to promote exocytosis (23). Previous studies support the notion that activation of CFTR-mediated chloride currents in intracellular compartments could be directly involved in the hydration of secretory vesicles that lead to membrane fusion and exocytosis. The involvement of CFTR in plasma membrane recycling (6, 17) and the presence of functional CFTR in endosomes (1) lends credibility to this hypothesis. CAMP has also been described to stimulate mucus secretion in airway epithelial goblet cells in vitro (13, 15) . Such observations support the relevance of the Xenopus skin model for studies of mucus secretion from glands. It should be stressed that mechanisms involving bulk salt and water flow driven by active transcellular Cl secretion or a mechanism that invokes intracellular Cl transport in the initiation of mucus exocytosis are not mutually exclusive and both could play a role in CFTR-mediated expulsion of mucus from Xenopus subepidermal glands. Several features of Xenopus skin make it an attractive model for studying the interactions of CFTR with mucus secretion.
These include identification of cellspecific expression of CFTR in the mucous glands, readily quantifiable active Cl secretion, and dramatic effects of mucus secretion and expulsion on the electrical conductance of the skin that provides an electrical record of the process. The most important result of these experiments was the demonstration of coordinate stimulation of salt transport and mucus secretion. The dramatic inhibitory effect of the loop diuretic, bumetanide, on the change in skin conductance associated with the secretory event suggests that some step in the process by which mucus is secreted into the ducts and transported to the surface of the skin is critically dependent on the activation of Cl secretion. The potential involvement of CFTR in the expulsion of mucus from the subepidermal glands ofxenopus may offer new insights into the pathophysiological mechanism(s) by which defects in CFTR function cause abnormalities of mucus in CF.
